
r-”) ‘
w

2
m

>’

TECHNICALNOTE2362

TORSIONALSTRENGTHOFSTIFFENEDD-TUBES

ByE. S. Kavanau.ghandW. D. Drinkwater

Universityof NotreDame

Washington
May1951

;;
Ld L, , 1;

.4L

.-. . .. . —.—-. .



1

TECHLIBRARYK.Al%,NM

lllnllmlllllullln
IIIIL5L24

NATIONALADVISORYCOMSTTEEFORAERONAUTICS

, TECHNICALmm 2362

TORSIONALSTRENGTHOFSTH’FENEDD-TUBES
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SUMMARY

Thepresentreportcoversa seriesoftorsionaltestson stiffened
D-tubesofalclad2!-S-T3aluminumalloyhavinga crosssectionsimilar
totheNACA0012airfoilsectionanda closingwebat 30percentofthe
chord.Thestiffenersconsistedofribsandstringers.An average-
strengthcharthasbeendevelopedforthistypeof structurethattakes
intoaccounttheskinthickness,ribspacing,andstringerspacing.This
chartmayalsobe usedforunstiffenedD-tubes.“

Measurementsofunittwistandunitstrainweremadeata numberof
pointsonmostofthespecimens.Theunit-twistmeasurementsindicated
substantialagreementbetweenthistypeof structureandBredt’stheory
belowthebucklingpoint.Theunit-strainmeasurementsdidnotprovide
datathatcouldbeverifiedby theoreticalanalysisexceptforthe
strainsmeasuredinthewebs.

ofa

INTRODUCTION

.
Theprimaryobjectofthisinvestigation
chartthatwillpermittheestimationof

strengthof stiffened-D-sections.Nearlyall

hasbeenthedevelopment
theulttitetorsional
airplanesusesucha

structureasa primaryload-carryingmemberandanaverage-strength
chartisconsideredtobe quitedesirable.Withtheadventofhigh-
speedaircrafttheuseof symmetricalairfoilsshouldbecomequite
commonandshouldenhancethevalueofthisreport.Otherresearch
projectsonthin-shell.sectionshavebeencarriedoutpreviously,as
reportedinreferences1 and2;however,onlyreference1 dealswiththe
puretorsionproblemandthespecimenstesteddidnothavea closingweb
as isthecaseforthepresentinvestigation.Si3n*lartestsofa multi-
flangeboxbeamarereportedinreferences3 and4.

Mostofthepreviousworkon structuresof an ellipticalorcircular
shapeisbasedonan earlyinvestigationmadeby Donnell(reference5)
andmanyofthesamefactorsreportedthereinwerefoundto applytothis
study.
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Althoughreportson investigationsof stiffenedD-sectionsin
torsionwer,enotavailable,a similarst:dyon stiffenedcircular
cylinderswasfoundinreference6.

ThisinvestigationwasconductedattheStructuralLaboratoryof
theDepartmentofAeronauticalEngineering,-UniversityofNotreDame,
underthesponsorshipandwiththef~cial assistanceoftheNational
AdvisoryCommitteeforAeronautics.

SYMBOLS

A

a

E

G

L

s

T

Tu ‘

a

e

T

‘u

Tu,c

Tu,e

t

s

areaenclosedby section;104.9squareinches

semhajoraxisof sectiononbasis
18 inches

modulusofelasticityofmaterial;

of completewal;

10.2x 106 psi

shearmod&s of elasticity;3.93x 106psi

distancebetweenribs,inches

actualskinlengthoflargestpanelinchordwisedirection .
inches

appliedtorsional

appliedtorsional

angleof diagonal

moment,inch-pounds

momentatfailure,tich-pounds

tension,;egrees

angleoftwistperunitlength,radiansperinch

torsionalshesringstress,psi

torsionalshearingstressatultimatemoment,psi

calculatedultimateshearingstress,psi

experimentalulthte shearingstress,psi

Poisson*sratio

thicknessof skin,inches

parameterof section
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EmmIMENs

Thegenerallayoutofthespecimens
figureisa &awingof specimenk8. All

isshowninfigure1.
otherspectiensareof

samegeneralconstructionandsizeas specimen~. AS shownby

This
the
tableI,

themainvariablesinthisinvestigationwereskinthickness,stringer
spacing,andribspacing.Thefirstsetof specimens,specimens1 to 12,
havevariationsinribspacingof8, 16, 24, and~ inchesandin skin
thicknessof0.032, 0.051,and0.072inch.Theremainingspectienshave
thesametwovariableswiththeadditionof stringers.tocreatesmaller
skinpanels.

Figure1 willapplyto spectien1 ifallintermediateribs,B toF,
andallstringersareomitted;itappliessimilarlyto anyother
specimen.

Theribthickness,webthickness,stringersize,andrivetsize
increasedastheskinthicknessincreased.Whenribswereomittedweb
stiffenersofthesamesectionasthestringersforthegivenskin
thicknesswere’addedtothewebattheomittedribstation,makingthe
webpanelsizeconstsntregardlessofactualnumberofribs.Rivets
onesizelargerthantheskinrivetswereusedtoattachtheribsand
stiffenerstothewebflangeofthespar,onerivetforthe0.032-and
0.051-inch-skinspecimensandtworivetsforthe0.O’i’2-inch-skinspectiem

Thestringerswerecontinuousthroughribnotches.Onesideofthe
ribflangewasoffsetandrivetedto theflangeofthestringer.When
stringerswereomittedtheribsweresolidexceptforthelightening
holes.Flangedlighteningholeswereusedinalltheribs,theirsizes
beingshowninfigure1.

Thespectiensweremadeaccordingto normal”aircraftmanufacturing
standards.Thenoseskinwasformedto theleading-edgeradius,and
forthe0.051-and0.072-inch-skinspecimenstheskinwasrolledto
matchtheribcontour.Thenosesectionsoftheribswerehand-formed,
theribsheat-treatedto theT3 condition,andtheribandholeflanges
formedundera,hydropress.

Standardaircrafttoleranceswereused’throughout.Thecross
sectionofthevarious’specimenswasconstantwithinthel/32-inch
tolerance.Althoughcertainspecimenswerenotconstructedsocare~y
asmightbe desirablefortheoreticalinvestigations,therewasno
apparenteffectontheultimatestrength.Ina numberof casestoomuch
pressurewasusedindrivingtherivets,andwhilethisdidnotaffect
theultimatestrengthsthereissomequestionas totheeffectonthe
initialbuckling.Theheavyrivetpresstieleftsmalldimpledareas
aroundeachrivetandinmanycasesinitialwrinklesseemedto start
fromsuchanarea.

.—.— .— __ —.. . _ ._ ———.—- —._—
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AllofthespecimensweremadewithanNACA’0012airfoilshape,
andhada closingwebatthe30-percentstation,or18 inchesfromthe
nose.Theinsideskinandweblinewasthemoldline.Thisshape
waschosenbecauseitwasthoughttobe a representativeshapeofthe
variousairfoil.sectionsusedinthepresentdesign.

Thestringerdistributionusedinthespectienssimulatedactual
structuralpracticeby placingmorestringerareaon oneside,the
assumedcompressionside,thanontheother.An attemptwasmadeto
placethestringerssothateachskinpanelhadthesamebuckling
stress;however,thiswasnotattainedcompletely.A secondaryreason
forthisstringerdistributionwasthedesiretokeepthenumberof
ribtypesto a minimum.

Thematerialusedfortheskin,web,andribswasalclad2kS-T3
aluminumalloy.Thegain oftheskinwasinthedirectionofthelongi-
tudinalaxisofthespecimens.Theextrusionsweremadeof24s-T4alumi-
numalloy.Therivets,typeAN 456,weremadeofA17S-T4aluminumalloy
inthe1/8-and5/32-inchsizes,andof2k-S-T4aluminumalloyinthe
3/16-inchsize.

.

TableIIgivesa listingoftheultimatestressesfora typical
groupoftensilecouponstakenfromtheskinofthespecimen.Some
typicalstress-straincurvesareplottedinfigure2. Inmanyofthe
curvestheeffectsoftheprimaryandsecondarymoduliarenoticeable,
althoughanaveragevalueof E appearstoretchthecurvesquite
closely.Thisaveragevalueis10.2x 106psi,whichis suggestedby
reference7 asa satisfactoryvaluefor2!S-T3alcladsheet.Whileall
of’thedatadonotmatchthisvalue,itisfeltthatexperimentalerrors’
accountforthedeviation.

DESCRIPTIONOFAPPARATUS

Theapparatususedto loadthespecimenintorsionisshownin
figure3. Thetestspecimenwasplacedintothejigina verticalposi-
tion,ribA atthetop,andleadingedgeattheleft.Thespecimenwas
boltedtothesteelangles4 (seefig.3)by a doublerowofAN 3 bolts,
72 ineachend. Thesefittingswereboltedtothetopandbottom
plates1 and2 by a singlerowofAN 5 bolts,b boltsineachplate
spacedequallyaroundthespecimen.

Theendfittingskwereformedtothecontourofthe0.072-inch-
skinspecimens;sheetfillerstripswereusedtoprovidea matchofthe
contourforthe0.032-and0.051-inch-skinspecimens.Inallcases
0.072-inchfillerstripswereusedforbackingplatesas Is shownin
sectionB-Boffigure1.

_——
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Theloadwasappliedto thebottomloadingplate2 bytwohydraulic
pistons5. The1~-inch-diametertensionpistonsareshowninfigure3.

Anothersetofpistonshavinga ~-inch borewasusedto obtainthe

maximummomentof 318,oooinch-po&ds.Thesepistonsweremountedin
a mannerthatpermittedmovementinthehorizontalandverticalplanes
sothatnorestraintwasintroducedby fixedpis~ons.Becauseofthe
pinJointsattheendsofthepistons,thelowerplate2 wasfreeto
twistaboutanyaxisandnobendingmomentswereintroduced.

Thepistonswereoperatedbya handpump3, andpressurereadings
“weretskenfromgageshavinga O-to 600-psirangeforonebetoftests,
anda O-to 2000-psirangefortheremainingset. A checkoftheload
readingswasmadeby straingagesmountedonthepistonrods.These
gageswerediametricallyopposedandwerecalibratedona Baldwin- ,
Southwark-Emerytestingmachine.Thepistonsweremountedt.othe
loadingfixtureinplanes64inchesapart.

Baldwin-SouthwarkSR-4jtypesA-1,AR-1,andA-7straingageswere
usedintheinvestigation.Twostrainboxes9,typeK,andthe
Wheatstonebridgestrainindicatorwereused,althoughmostofthe
readingsweremadeontheformer.Threeandfourgang,eleven-position,
radioswitcheswereusedinconnectingthevariousstraingagestothe
strainbox. Investigationdiscloseda minimumchangeincontactresist-
ancefortheswitchesused.

TWOrectangularframes8 wereusedinconjunctionwithdialgages6
andverticalcolumns7 to obtaintwistdata.Theframeswere,positioned
inplanesparalleltotheribs,thedistancebetweentheframesvarying
between8 andI-6inches.Theframeswereusedtomeasuretwistinthe
middleofthespecimeninorderto eliminateanyendeffect.These
$ramesweremountedbythreepins,twointhewebata ribor stiffener
stationandoneinthenose,thepointedendsincountersunkholes.The
twowebpinswereheldagainstthewebby coiledsprings.Thismanner
of supportwasusedto eliminateanylocaldeflectionsdueto skinor
extrusionrotation.Theextrudedanglesattheextremeendsofthe
frames8 wereincontactwiththeplungersofthedialgages6 mounted
onverticalcolumns7 that restedonthefloor.Theverticalplaneof
theseextrusionsformeda continuationofthespechenchordplane,and
therotationofthisplanewasmeasured.The~al gageswere~duated
toreadto thenearest0.001inch.

Twoadditionaldialgagesweremountedtothemainjigattheends
ofthehydraulicpistons.Thesewereusedtomeasuretherotationof
thelowerplate2 ofthespecimen.

-—.- . . . .... ...— ..—..—— _ - .— —-— ------ —.. —————.
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Stress-straindatawereobtainedona Baldwin-Southwark-~ery
machinefortensilecouponsmilledfromsampleskinstrips.The
extensometerusedhada leastcountof0.0001inch.

TESTPROCEDURE

Afterthespectienandhydraulicpistonswereboltedintoplace
a fewpreliminarypressureswereappliedinanattemptto obtain
accuratereferencezerosforthemeasuringinstrumentsandto checkthe
operationoftheequipment.Becauseofthesma~ frictionalforces
presentb thepistons,exactzerosweredifficultto obtain,andwith
certainspecimens,as indicatedinfigure13,thetruezerowasfound
afterplottingthetwistdata..

Theloadingincrementwasa functionoftheanticipatedbuckling
load,andusuallymorereadingsweretakenbeforebucklingoccurredthan
afterbuckling.At highloadsthepressurewasobservedclosely,as
failurewouldsometimesoccurabruptly,butforthemostpartthefailing
pressuredidnotdropoffrapidly.Thepressuresaftereachincreasein
loadweremaintainedconstantuntilallthereadingswereobtained.At
pressurescloseto2000psithiswasdifficult.

.

.

!

Thedial gagesontheframes8 (fig.3) wereremovedafterdefinite
wrinklinghadoccurred.Thiswasdonetopreventdamagetotheg&geby
anysuddenfailuresoccurringattheultimat~loads.

Afterthefailingtorquehadbeenreached,oneortwoadditional
readingswereusuallytaken.Iheachsuchinstancethespecimenwas
abletomaintaina loadofbetween80and95percentoftheultimatefor
considerablea~tionaltwist. ,

Thepressureatwhichthefirstwrinklewasobservedwasrecorded
asthebucklingload.Thegrowthofthetension-fieldwrinkleswasalso
obsenedvisuallyand,ona numberof specimens,theslopeofthewrinkle
wasmarkedduringthetest.

PRECISIONOFKESULTS

Thehydraulicpistonsusedforloadingthespecimenswerecalibrated
andcheckedfourtimesduringthetestingprogram.‘II&calibration
includedthepressuregagesandthestraingagesonthepistonrods.The
loadingincrementswerereadonthepressuregages,andthestraingages ‘
wereusedasa checkofthisindicatedloadandalsoasa checkonthe

$ 1,

—— —— —
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equaldistributionoftheIoadbetweenthetwopistons.Themoment
appliedby thelargepistonswasaccuratetowithin3.8percentandthat
appliedby the.smallpistonstowithin2.6percent.

Thedialgagesusedformostofthemeasurementswerereadtothe
nearest0.001inch.As showninfigure3,anadditionalsetofdial
gagesaccuratetothenearest0.0001inchwasusedinconjunctionwith
thetopsetof gagesforsomeofthetests.Twistreadingsof
5 x 10-6radianperinchshouldhavebeenpossiblewiththedialgages
accurateto0.001inch,butthe,scatteroftheplottedpointsindicqtes
thatthisaccuracywasnotattained.Partofthescatterwasduetothe
inabilityto obtainaccuratezeroreadingsinsomeinstances,anderrors
inthereadingshavecauseda portionofthisinaccuracy.

Thestrain,gagesmountedonthepistonrodswerefoundtobe
accuratetowithin3 percent,thisvariationincludingpossibleerrors
inreadingthepressuregagesandthestrainindicator.

.

RESULTSANDDISCUSSION

Inordertoprovidethebasicdata,thestrengthofunstiffened
cellswasdetermined,andtheadditionalstrengthcontributedby “
stiffeningmemberswassubsequentlyinvestigated,whichprovidedcomplete
dataforthesectionused.

.

Someprevioustestsofthisnaturehavebeenmadeon sectionswith
a circularor semiellipticalcontour,and,whiletheNACA00L2airfoil. -
usedinthepresentinvestigationapproachesa semiellipticalcontour, ~
considerablymoreflatskinispresentthanwasintheprevioustests.
Whilean exactcorrelationwasnotexpected,thesemiellipticaldesign
curvepresentedinreference1 wasusedtopredicttheapproximate
failingloads”forthistest.A valueof5 wasassumedfortheelliptici~
inthisapproximation.Thepresenceofa closingwebintheNACA0012
specimenswasa furthercomplicationinmakingtheprediction.Theloads
calculatedby thismethodwerelaterfoundtobe about30percentgreater
thanthemeasuredultimateload.Thiscouldbe expectedonthebasisof
thedifferencesinthenoseradii,theNACA0012sectionhavinga much
smallersemiellipticalradiusanda greaterproportionofflatskin.
Whilethespecificvaluesobtainedinreference1 couldnotbeused
directly,theywereofvalueina relativesenseasthebucklepatterns
andfailuresoftheunstiffenedsectionswerequite,similartothoseof
thepresentinvestigation.

Thefailingloadinmostcaseswasmuch
load.As theloadwasapplied,theskinwas

.. -....--—. .-. --- .-—. — ——— — _ __. .—.

greaterthanthebuckling
observedcarefullyinan

——.- -.—.-—.————. —-——--—.—-



8 NAC~m 2362

effortto obsenevisuallytheinitialwrinkle.!l?hiS bucklingpoint
wasrecordedinallcases,butthewidescatterofthepointsleaves
doubtastotheirusefulness.TableIIIgivesa tabulationofbuckling
torquesandthecorrespondingshearstresses.Inthecaseofthe
0.032-inch-skinspectiensthewrinklesappearedearly;attimesthey
werevisibleshortlyaftertheinitialloading.Althoughsomeofthe
scatterofthebucklingpointscanbe attributedto an initialwaviness
oftheskindueto fabricationdifficulty,themethodofvisualobserva-
tioncannotbe reliedupon. Thetwistdatawereusefulin someinstances
asa meansofdeterminingthebucklingpoint.Manyofthetestsshowed
goodagreementbetweenthecalculatedchapgeinslopeofthetwist
curvesafterbuckling,theassumedbucklingpoint,andtheobserved
bucklingpoint.Howeverjforthecompleteseriesoftests,thespread
ofthebucklingpointsfrom25to95percentoftheultimateloadhas
showntheobservationstobe ofdoubtfulvalue.Inoneinstance,the
initialwrinkledidnotoccuruntiltheultimateloadwasapplied,at
whichtimethewrinkleappearedabruptlyanda deepwrinklewas.pro-

. duceddiagonallyacrossthecornersofthespectien.Thisspecimenhad
a ribspacingof h8 inchesandthreestringers,oneofwhichwasonthe
sidethatbuckled.Theulttitetorqueshaveshownsomescatter,as is
showninfigure4,butthescatterfellwellwithinanticipatedlimits.

Theparametersusedinreference1 werethoughttobe a good
startingpointfordevelopmentofthetestdata,andan ellipticityof5
wasassumed.Closercorrelationwasobtainedusingtheparametersof
reference5 by changimgtheskin-thiclmessexponentfrom2 to 1.75.
Figure5 showsalltheexperimentalpointsplottedagainsttheseparam-
eters,and,aswastobe expected,theadditionof stringersincreased
theult~te strength.Theparametersoffigure5 weremultipliedbyS2,
thesquareofthechordwiseskinlengthofthelargestskinpanel(see
tableIV),toreducethetestdatato anaveragecurvethatwouldapply
tounstiffenedaswellas stiffenedD-tubes.Thiscue isplottedas
figure4. A logarithmicrelationwasderivedforthiscurveandthe
resultingequationis:

I

(1)

.

Thetestvaluesshowbesta~eementwiththise@ationat closerib
spacings.Thebucklingcharacteristicsof’largeunsupportedskinpanels
in sheararedifficultto evaluateina precisemannerandtestresults
customarilyshowconsiderablescatter,as h figure4.

,,
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Theprecedingequation(1)hasbeenreducedto a simplerformfor
thisseriesoftestsandother,andpossiblymoreusefui,curveshave
beenplottedasfigure6. Theultimateshearstresshasbeencalculated
fromequation(1)andplottedagainstthe L/t ratioforthedifferent
stringercombinations.In solyingequation
simplifiedformgivenbelowwasused.

,1.01
Tu,c =2.506 “~o.52~o.52

,
TableV showsa comparisonbetweenthe

(1)forthisstressthe

x 106psi

calculatedandexperimental
ulthateshearstresses.’Thedeviationismostpronouncedforthe
specimenshavinglongunsupportedskinpanels,buttheover-allaverage
variationbetweenthetwovaluesisabout1 percent.

Someunusualfailuresoccurredwhichcausedpartofthedeviation
fromthemean.As an example,spectien22tooka higherloadthan

. specimen34. Thedifferencebetweenthespecimenswasinthenumberof
stringers,specimen34havingsevenstringersas comparedwithfivefor
specimen22. However,theplasticyieldingofa rivet’ina ribof.
specimen34permittedthewrinkleto crosstheribandtherebyreduced
theeffectiverigidityofthespecimen.b a fewcasestheintersection
ofa stringerandribwasthepointoffailure,as showninfigure7(a).
Thestringerrotatedinthenotchsufficientlyto-’causea bearingfailure

, oftheribmaterial.Figure7(b)isa close-upviewofthist~e of
failure.

.
Whenthefirstribfailureofthistypeoccurred,anattemptwas

madeto eliminatesuchbearingfailuresby insertinggussetsbetweenthe
stringerandrib. Thesegussetsareshowninfigure7(b).As is
evidencedby thisparticularfailure,theadditionalbearingareaalone
withouta morerigidribsectionwasnotsuccessful.Thisfailurewas
typicaloftheribfailuresbutnottypicalofthefailuresasa whole,
sixsuchfailtieshavingoccurred.Thefailureinfigure7(b)was
producedby continuingapplicationoftheloadaftertheultimatestrength
wasreached.Whentheseribfailuresoccurred,theulthateloadwas
lowerthananticipated.Itispossiblethatribsofthesamegageas
theskinwithsmallerlighteningholeswouldeliminatetheribfailure.

Themajorityofthefailureswereproducedby thecollapseofthe, nosesection.Figures7(c),7(d)jand8 illustratethistypeoffailure.
Figure8 illustratesthedifferentpatternsofthewrinklesatfailure
forthespectienswithoutstringers.Inallcasestheinitialwrinkle
startednearthebeamand,astheloadwasincreased,extendedtowithin

.

—..- ..-. —.— .—— —.——— —-— .. . .. ~-— — -—-—. -—.
. ,.,
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about1 inchofthenose,followedshortlyby a colhpseofthenose.
As thewrinklesgrew,theslopeofthewrinklechangeduntilatfailure
itextendeddiagonallyacrosstheskinpanel. -

.

Thenosecollapseoccurredintwoways. Inone,as showninthe
photographintheupperrightcorneroffigure8,theinitialwrinkle
lengtheneduntilitcausedfailureofthenosesection.Thephotograph
inthelowerleftcorneroffigure8 showstheothertypeof failure,
theinitialwrinklestartingasbeforeandincreasingtowardtheleading
edgeuntila secondwrinkledevelopedbelowtheinitialwrinkleand
extendedintothenose,causingfailure.Thislattereffectwasmost
noticeableatthecloseribspacings.

Figure9 showsthedevelopmentoftheunitstraininthenoseof
threeofthespecimens.Thegagesrecordingthisstrainweremounted
ontheoutsideoftheskinalongtheplaneof symmetry.Thediscontinuity
inthecurveforspecimen10 occurredwhenoneofthetopnosepanels
buckledsuddetiy,althougha ~eatertorquewasattainedbeforethe
ultimatestrengthofthesectionwasreached.Thefailureof specimen7
didnotoccurabruptlyandtheUnit-strain’curvesbearthisout. These .
curvesarefortwogagesmountedat oppositeendsofthecenternose .-
panelatthesamedistancefromadjacentribs.

Whilethistypeof spectienwasquitedifferentfromthe’type
testedinreference5, itisof interesttonotetheagreementbetween
dataforcircularcylindersandfortheunstiffenedtestspecimensof
thisinvestigation.Figure10 showsa comparisonofthesedata,wherein
theparameters’forthecircularandNACA0012sectionsarethesame.
Thereappearstobe goodagreementbetweenthetwotests.Thereismore
scatterofthepointsthanwasfoundinthecircular-cylindertestsjor
inthesemiellipticaltestsofreference8,buttheboundariesofthe
testpointsareaboutthesame.Theslopeofthetestpointsfora
givenribspacingas showninthisfigureisgreaterthantheslopeof
Donnell’scurve(reference5). Thisismostapparentforthelowestset
ofthee testpoints.By reducingtheexponentoftheskinthickness,
thetestpointswerebroughtIntobetteragreement,as isshownby the
bottomcurveoffigure5.

Theunit-twistdataforallthespecimensaregivenintableVI.
Thetwistofthespecimenswasmeasuredatthreedifferentplanes.Two
oftheplanesweretakennearthecenterofthespecimen,8 or16 inches
apartdependingupontheribspacing,andthethirdatthebottomend.
ThedataplottedinfiguresH to 14werebaseduponthetwistofthe
centralportionofthespectien,thegagelengthbeingthedistance
betweenframes8 showninfigure3. Up tobuckling,therewasgood
agreementbetweenthemeasuredtwistandthetheoreticalvaluecalculated
byBredt’stheoryaspresentedinreference9. Calculationsweremade

.

8
_— -—— ——.
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.

“$/* @2G wheretheshearmoduluswasusingthebasicequatione = T
t

calculatedfromthe.e~erimental.lyverifiedvalueof10.2x 106psi
forYoung’smodulus,andPoissontsratiotakenas0.33.

Themeasuredandcalculatedvaluesofunittwistareplottedin
figure11forsomeofthespecimenshavingno stringers.Theeffecton
sectionrigidityofincreasingtheskinthiclmessisillustratedby
time H, whereinthemeasuredandcalculatedvaluesagainshow
agreement.

Thedataplottedinfigure13revealevidentexperimentalerror
encounteredduringthetestingprogram.Theslopesofthemeasuredand
calculatedtwistcurvesagreealthoughtheexperimentalpointsdonot
originateat zero.Thestiffnessofthespecimenisnotaffected’by
theadditionof stringers,as indicatedby figure14. Theslopesof
thecurvescorrespond,theprincipalchangebeingan increaseinthe
ulthatestren@hofthesection.As theskin$anelsizeisreduced,
higherbucklingstressesarecarriedby theplate,and,inturn,produce
higherultimatestrengthoftheentirespecimen.Reviewofreference6
indicatesa similaritybetweenthetorsionalrigidityof stiffened
circularsectionsandthoseofthecurrentinvestigation.

An attemptwasmadeto checkthevisualobse~ationofbucklingby
plottingtheover-alltwistofthespecimenas indicatedby therotation
ofthebottomloadingplate.No exactcorrelationwasobtained.The
fewcaseswhichdidcheckwerenotfelttobe of sufficientconsequence
towarrantinclusioninthisreport,althoughtableIIIshowsbuckling
valuesforeachspecimen.Oneimportantresultindicatedbythesedata,
however,wasthatthetorsionalrigidityofthecentersectionwas
greaterthanthatoftheentirelength.Theconclusionwasthatthe
mannerof introducingtheloadleftsomethingtobe desired.

Thedesignofthespecimensprovideda shortlengthof skinextending
beyondtheendribs,soasto el~nate endeffect.Sincethepointsat
whichfailureoccurredwerewell-distributedalongthelengthofthe
specimen,itwasfeltthatconsiderablesuccesshadbeenachievedin
thisregard.To providean experimentalcheckontheendeffect,speci-
mensof shorterlengthweretested.Thepointsoffailureandthe
ultimatestrengthsagreedwellwiththoseofthelongerunits.

Inorderto supplyinformationastotheeffectoftier variations -
of stringerareaand/orribthicbess,severalspecialcaseswereinves-
tigated.Thesespecimenswereidenticalwithothersintheserieswith
theexceptionofthevariableinvolved.’Forexample,spectien50was
builtwithlighterstringersthanspecimen32. Theulttitestrengths

——.—. .. -- — ....—. _ . . . . . .———— — ——.-.-— — —. —.—..—.—,,
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of%othspecimensweresubstantidly thesame.Inanothertrial,speci-
men49wassuppliedwithheavierstringersthantheotherwiseidentical
specimen31. Again,theresultswereincloseagreement.Whilethe ~
smallnumberoftestscannotestablishvalidityoftheresults,the
indicationwasthatthesizeofthestringerswasnotthedetermining
factorsofaras thesectionstrengthwasconcerned.specimens56
-and57werebuilttithribsofa heaviergagethanthesimilarspeci-
mens35and36,butagainno appreciablechangeinultimatestrength
wasmeasured.

A numberof gageswerealtiedattheanticipatedangleofthetension
field.Figure15 isa plotofthemeasuredstrainata fewofthese
points.As withsomeofthetwistcurves,goodcorrelationwiththe
visuallyobsen’edbucklingpointwasfound,as indicatedinthefigure.
Thedifferenceinbucklingpointsindicatedforspecimen4 wascaused
by thesequenceinwhichthe~erent skinpanelsonwhichthegages
weremountedwentintothebuckledstate.

Thewebstrainsina fewspec-ns weremeasuredwith.rosettestrain
gages.Figure16 isrepresentativeofthesemeasurements.-Thecalculated
andmeasuredshear~ stressesarewithin7 percentofagreementforthe
spectienplotted.Shearing-stresscalculationswerebasedonBredt’s
firstequation, , .

TT.—
2At

Somestraininformationwastakenfromthe@ges mountedonthe
stringers,andplottedas showninfigure17. Theunitstrainwasfound
tobe of smallmagnitudeuntilbucklingoftheskinpanelsoccurred.
Theflatteningofthecurvestibothinstancescanbe attributedtothe
appearanceof definitewrinklesclosetothestringers.

CONCLUDINGREMARKS

Theaverageultimatestrengthintorsioncanbe calculatedfor
stiffenedorunstiffenedD-tubeshavinga crosssectionsimilartothe
NACA0012airfoilsectionanda closingwebat 30percentofthechord.
Therelationshipinvolvedinthiscalculationis:

“

—— --
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where

13

.
P Poisson’sratio

,
‘rU torsionalshearingstressatultimatemoment,inch-

pounds

L distancebetweenribs,inches

s actualskinlengthoflargestpanelinchordwisedirection,
inches

. .
E modulusof elasticityofmaterial;10.2x ,106psi

t thicknessof skin,inches

a semimajor.axisof sectiononbasisof completeoval;
18 inches

Theaverage-ultimate-strengthcurvepresentedinthisreportand
basedontheaboveequationshoul.dbeusefulindeterminingtheultimate
load-carryingabilityofthistypeof structure.Withtheadventof
high-speedaircrafttheuseof symmetricalairfoilsshouldbecomequite
commonandshouldenhancethevalueofthereport..

ComparisonofthemeasuredtwistwithBredt’stheoryhasshown
goodagreementbelowthebucklingpaint,although-thebucklingpoint
itselfwas,.

University
Notre

●

notwell-defined.

ofNotreDame
Dame,Ind.,June

#

11, 1948

.
,.. .—.— ——. .. .—. ..—— —. . . ..— ..—.—— .-—-- _.—___ .. . . .——
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TAB!XI

mmm210moF2mmm2u9mm5?3mml Tmmo?82~wIuBm

1

!4eb
2p3cimm ~“ ++ p:y J&m ~ ;= %%. ~ mvet

(m. ) (in) pmiticm (q in.)
(1) (1) (2) (3) .

(in.)
(k) (5) ‘

O?er-al.llength,X2in.

1 0.04 O.oz 0.025
~.

E&m o
.051

O.1.q

i :!$ :g .3 ;#

o .U33 %2
o .277 3/16

5 .064
0

.051 24
.lq

6 S&
o

.072 24 .Ca
.183 %2

7
0

.032 16 .02s
.277 3f16

8
0

16
.10’( o

9 :%
.040

:%
o

ltj .064
.3.83 5/32

10 .040
0

.032
.2-R

11 .064 :%
o

.ql
.IJm w

E .091 :
0

.072 .06k
.183 5/32

o- .’277 3/16

13 0.044 0.03 49 O.azs
14 .064

2,4,8
.Osl .040

O.a O.lq

.Cal .on 8 , .W4
.3.27 .183 s%

2 .040 .o=
.1T2

24
.277

.025 .*
3/16

17 .051
.lq

24
+%. ,072 24 :%

.IQ7 .X33 %2

$ .040 .032
.l-i2 .2n

.025
3/16

20 .C51 $
.* .Im 0

a. :% .072 M :%
.127 .183 5/2

22 .&m .03.?
.1T2

8 .Ct25
.27-7

.@
3/16

23 .051 8
.lq @

:%
.*

24 .072 8 .CKA
.127 .IB3 9/32
.172 .277 3/16

29 0.040 0.0112 4a 0.CQ5
26 .064

2,3,4,7,8
.051 48 .Obo

. O.@ 0.107

27 .Cal 48
.127

.072
.3.83 %2

.l-i2
.03 24

z
:%

.2’?7 3/16

% .051
.* .107

24
@

30 .Osl .072 24 :%
.12.7 .183 5/32

3 .040
.lm

.0s 16
.2n

,= .*
3/16

32 .051 16 .040
.U37 m

33 :% .072 ; .@+
.127 .183 5/3?

3JJ .040 .OR
.172 .277 3/16

.&k %
.*

:3
0

z ‘
.051 8

.C$l .O-i2 8 .06h
.W .5/32
.1T2 .2n 3/1.6

37 0.045 @.032 0.02s 1,2,3,4,7,8,9. 0.C&j
.C51 i%

O.lcq @

~ ;$ :X 2 :$

J27 J.83 5/32
.l’p .2n
,*

3/16

.051 24
.m
.183

~ :%
.032 1.6 .CQs :3

5g!

.051 1.6
.m

.091 .’m 16 :%
.IB3 5132

46 .040 .032 8
.lgb .2n 3/16

47 .m .051 8 :%
.@s

4a .L131 .m 8 .064
.127 :3
.154

Y!!
.2n 3/16

49 0.040’ O.0* 16 0.q
.091

2,3,4,7,8 0.127 0.183 ;$2

$ :!%
.@s

.072 z :%
.lq

.127 .183 5/32

ma--all la!gth, 36 in.

0.032 8

E ‘:%

0.025 2,3,4,7,8
;% 8

o.*
.CJio

O.1o-1 m

8
.lzi

.064
.183

.U4
5/32

.277 3/1.6

Qwr4 lellgkh, 28 in.

55 0.040 0.032 8
56 .044

o.ceJ
.0s1 8

2,3>4,?,8 0.+
.C#

O.1.q
.127 .183

m

57 .C81 .072 8 .072
5/5=2

.154 .277 3/16

lWebad~vere mdeofalc&d24&T3d@m allg.
‘=5-=%enribB wmJ+9in. ap-t, ribp8itims Amd OmW; vke. ribawm24 in. awrt,

rib paitionn A, D, ad Qm used; vkm ribs mm 16fm.aprt, rib Pmitions A, C, E, andG
Vammed; adv%?mribswre 8in. aprt, ribpmitions A, B, C, D, E, F,ard GvareuawL

%trin&un3mm .dn of 24%T3almimm-alhy extnmiam. Dumh9rehrolum referto
p38iti0~-kd h rig.L

%he8reas ad AUuLwdarl ~~ - M fdhVB: o.@ Sq ill.,~ lol~mlJ
o.127Hq in.,An loly-lwe; ad 0.172Eqin., AE lm>lfxk stringllrEectiLmVitbareaof
O.lYeqti. mm& by+ by O.C& hfubihmia ~ ~t *.
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TABLEn

TENSILESmw3.EsOFALC.LAD2kS-T3TYPICALULTIMATE

ALUMINUM-ALLOYMm?MUmlUAL

[Tensileloadappliedwithgrati]

Specimenfrom Thickness Ulthate

whichcoupon ofcoupon tensile

taken (in.) stress
(psi)

2 0.048 66,500

3 .070 “ 66,900

4 .032 65,(300

8 .049 68,200

11 .049 65,500

14 ‘ .049 67,300

16 .032 65,200

22 .049 66,500

23 .048 67,100

..

/

.—. — _.— —— .—
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‘ TABLEIII

VISUALLYOBSERVEDTORSIONALBUCKLINGMOMEZ?TSANDSHEARSTRESSESOF

sT~ D-ins OFALCLKD24s-T3ALuhn2nIMAILOY

\
cP

= 0.33;E = 10.2x 106psi;a = 18 in~

ipeche

1
2
3
4
5
6

:

9
10
U
12
13
14
15
16
17
18
19
,20
21
22
23
24
25
26
27
28
29

Buckling
torque,Tcr

(in-lb)

6.0 X 103
19.3
41.5
7.4

13.0
53.1
8.4

10.3
53.0
12.1

?%
8.4

19.3
57.0
6.7
24.5
39*5 ‘
X2.1
26.0
52.5
1205
38.7
92.5
17.4
44.2
94.2
19.3
59.4

Shearstress
atbuckling

(psi)

1875
2780
I_210
1260
3560
1380
1000
3550
1860
3110
5050
1250
1870
3770
1030
2430
2610
1800
2520
3320
1860
3690
6200
2670
4290
6300
2870
5890

Specimem

30
31
32
33
34

%

37
38
39
40,
41

z
44
45
46
47
48
49
50

55
56
57

Buckling
torque,Tc

(in-lb)

129.Ox 10
25.0
51.0

148.0
26.0
57.5

182.5
21.0
43.5
94.1
24.8
6L5

--- L-_----
30.0
75.5

145.0
34.5
85.2

195.0
28.5
53.0

154.0
17.4
57.6 ~

145
26.5
57.6

134

Shearstress
atbuckling

(psi)

8,650
3,720
5,060
9,950
3,870
5,700

12,200
3,220
4,220
6,220
3,810
5,970

------

4,600
7,330
9,600
;,~30

12;900
4,370
5,150

10,200
2,590
5,590
;:;:

;,m&
Y

.

—.-.-— .-—. ______ ___ — —.— _..—____ ___ ____ . __ ___ ___
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TAmEIv

!coRsIoEALsrsEmrHoF8rIFTEmDD-SECHOHSOFAICIAD2hWJ?3ALUMImMAIJ.OY

@ . 10.2x 106psi; , = 0.33;.=1.8m]

- (1- W2)T@2 [1-I&3-w (1- P2)rUL2(1-ll+ftz(1-,2)TJ?
3pechen(:J (~) (:.) (&b) ~.n 2at #75 2.st ~2

1 48 0.0319.7 g,loo 47,400 756,m0 122.1o lg48 =.5
2 48 .049 1.9.722,000 478,000 83.89 1232 178.5

-on19.953,- g%%’ 337,~
: 2

74.20 852 143.2
.CPg19.7-16,5c026,190 Xe,oco 66.04 510 161.o

5 24 .049lg.743,3co16,040 Ug,403 40.51 301.5 87.9
6 ‘4 .onlg.g77,00010,520 84,z~ 26.57 -.6 51.4
‘ 16 .c@19.722,c00$,4$ 8g,8ca 231 g.;

J 16 .04919.750,600 53,1.ooZ:z 1.36.8
9 16 .on19.9U,500 7:2X 37*4W 1.8.9 94.6 35:5
10 8 .03119.7s6,E!c05,330 a,m =.73 54.2 33.0
I.1 8 .04919.785,200 3,m 13>270 9.04 34.2 19.2
12 8 .on19.9183>5cQ2,786 9,3X 7.04 23.6 B6
13 .032Il.4 18,4(xI28,&M 245,000
14 E .04911.k40,930

188.5 -—
20,300 163,500 a%:: 1.224 --—

s 48 .0-(211.g74,1ccl14,000 llg,m g8.&l --—
16 24 .Oy.Il.4 3,m 13,780“ 6s,200“ m6.@ 487 ---—
17 ;; .048U.4 d?,goo8,260 40,840 6s.50 314 -----
18 .Op11.g140,(XXI6,6Q0 29,7m 46.50 2C9 -—-

19 16 .0211.442,8C0 7,400 27,2m ‘ 56.w w -—
.20 16 .Oh.gIl.4 87,5IM 4,81o 17,eco 37.00 137
Zt 16 .on 11.g 18’3,6004,@o 13,420 28.80 94.6 =
22 8 .03Il.4 58,100 2,500 6,810 19.25 52.3 -––
23 .05011.4117,5001,535 4,360 si.80 33.6 -—
24 : .on11.g261,030 1, m 3,3@ 10.00 23.6 --—
25 ~ .0318.4 2k,&30 23,5aI 137,4’03 333.00 1946 -----
26 g .04.98.4 58,540 U,780 86,900 223.50 1230
27 .on 8.9r23,20013,440 67,300 169.8 850 -—
28 24 .o~8.440,5008,55a 33,200 =0.8 ——
29 ;: .0488.478,m 5,550 22,150 :? ——
30 .on 8.9167,m0 4,550 16,800 ::; 21.3
3 16 .0328.448,5004,5% 14,8(X 209 -—-
= 16 :0488.496,5cm 3,m 9,870 43:3 139.6 —---
33 1; .O-/l8.9l~,ceo 2,410 7,470 30.5 94.5 --—
34 .Oz 8.4 57,7m 1>35a 3,m 19.14

.0488.4lz3,7a3
52.5 —--

35 1,027
;

2,470 14.58 34.9 —
36 .on 8.9 27’,800 842 1,870 10.62 23.6 -——
37 ~ .031.6.1 33,800 16,500 72,603 433.00 1948 ——
38 J@ .0496.2 63,1oo 9,260 47,300 241.00 X232 ——

39 J@ .Op 6.6125,mJ 7,26JJ 36,51X) 16.5.00 848 —---
40 24 .0316.1 52,100 6,5o0 ti,lco lp.oo 487 —---

24 .0496.2l14,cm 4,180 11,820 maxi) 309 —
2 .Og 6.1 60,100 3,330 8,040 89.60 =6

2 .04.96.2r28,900 2JO0 5,260 54.70 137 —-
g 16 .Op 6.6256,030 1,645 4,060 37.80 93.2 —--
46 8 .0316.1 78,0W 1,0!3+3 2,010 29.10 54.1 —
47 8 .0496.2162,300 t%? 1,33.5 17.20 34.3 —
48 8 .Op 6.6318,000 l,OU u.70 23.3 —---
4 16 .0318.447,axl4,;: 15,Wo 70.00 =6
50 16 .04g8.4glz!,m 2,725 9,C&l 38.&l 137
51 1; .O’jz8.4202,0W 2,105 6,580 29.80 93

.0328.4 51,3001,200 3,WQ 17.10 52.4 =
E 8 .0498.413?,500 $pl z,4n 14.05 34.2 —
54 8 .0-(28.4272,c00 1,644 10.06 23.3
55 .0328.4 &),XK) 1,410 3,-P 19.90 5$.: =
56 : .0498.4130,cixl 974 2,hlo 13.89
57 8 .Op 8.4ao,OJXl m 1,644 9.97 23:3

— ——— .

.

.

,
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,

,

;pechen

1
2
3
4
5
6

i
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
2i’
28

TABLEv

19

COMPARISONOFEXPERlllENTMAMDCALCOIATEDuLTIMIYIE

SHEARSTREWOFSm?FEmoD-TUBESOF

ALCIAD24S-T3AUKDiUMAIIUX

Calculated
ultimate
shear
stress,
Tu,c
(psi)
(1)

2,130
3,410
4,930
2,855
4,880
7,050
3,530
6,020
8,750
5,390
8,65o

12,500
2,910
q510
6,500
4,020
6,330
9,300
5,140
7,98o

U,350
7,390

U,650
16,350
3,300
5,280
7,480
4,880

rperimentd
ultimate
shear
stress,
‘u,e
(psi)

1,396
2,135
3,610
fY7&

9
5;160
3,610
4,910
8,020
5,650
8,270

12,300
2,735
3,970
4;900
4,850
6,240
9,280
6,370
8,480

12,600
8,65o

11,200
17,500
3,810
5,670
:,::
Y

1548
g80
677
828
40
338
553
327
225
258
163
IJ2

1496
g80
667

;:
333
500
327
225
250
160

1548
980
677
7’50

?Cimen

29
30
31

34
35
36
37
38
39
40
41
42
43

:
46
47
48
49
50
51

55
56
57

Calculate
ultimate
shear
stress,
Tu,c
(psi)
(1)

7,390
10,700
6,040
9,150

13,250
8,65o

13,150
19,000
3,900
6;210
8,850
5,570
8,900

------

6,900
11,ooo
15,650
9,930

15,800
22,400
5,85Q
9,400

13,800
8,65o

13,400
19,700
8,650

13,400
19,700

rperimental
ultimate
shear
stress,
‘u,e
(psi)

7,720
11,200
7,220
9,570

13,300
8,580

u,850
18,600
5,180
6,130
8,290
8,000

11,080
------
9,220

12,500
16,950
12,000
15,750
21,000
7,210
8,850

13,380
7,650

12,880
18,000
8,950

12,620
17,850

50(
33t
50(

25(
16(

1$
;: .
7+
4g(

----
51’
32-
2Z
25[
16
IJ.1
5X
32’
z
25(
16
11.1
25c
16:
m

1 +01
Tl,c = 2.506 x 106psi.

~0.52s0.s2
>

. -- .—. . -—... .. ——..— — -..—. ———--..—-—. — —-. ---z .—— ——— .-. .
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\ TAmxm

OmrmIa.r mT.Am2821??mmD-’roE2sum2Ii4c4ml22mrIo2

[==—— ti.rralclvl e42-T3alImimmdlOy; l%.lo.2x lo6psi,
p-o.33, a.1.8h]

T0r8iau?l Lkilttvbt(Iwan/in.)fOr~ -
mazent

( in-lb)
k 4 10 10

(:) (:) (1) (3) (2)(3) (:) (:) (1) (2)

o 0 0 0 0 4 0
.X5x 1+ :

0 0
0 .I.g9x 1+ ,222X+

o .470x Id : .465x 10-$
.276X d

:%
.336x 10+ .m

o .ml o :%
.67

.709 .W :%
.222x I.!@ 1.IJ.O .m.xd L055 .W .E2

.75 .376
:Z .ea

Lao .751 l.lm
.@/ .751 Lg20 Am L4SI Lwrr
.93

1.0$1 l.og’l .843
L4ca L714 ——

1.03 1.650 2.CM 1.472
1.22

1.4n 1.269
2.Q% 2.373

.?38

1.21 ~@9 2.734 I.&l
1.Z9

L931 1.% 1.U2
3.3a 3.030

L* 2.M 2.431 1.6U
I..rl ;% t%

1.= .

6.573.
M

5.596 2.f@ 2.676 1.836 1.*3
3.e91

L7k
L*

;% 3.659 2.* 1.s96

L93
3.’RaJ 4.U4
4.234

2.03
am

4.kn
2.151

2.12
;% 2.533 2.2Tl

2.20
. 2.@3 2.373

2.789
2.29

2.69

:$

2.939 2.753
3.WT2

m ~:ij
2:66
2.75

:.%4

2.84
:%

i??
2.93
3.03
3.22

M?

3.22
g.mw h.w

;:%

5.157
SAW :RJ
6.091

3.s0
3.s

6~2k2

3.a t8g

8 8
(:) (:) (1)3(3) (2)3(3) (:) (:) (1) (2)

> 0 0 0 0 0 0
.25x l!+ .2kox lo~ .ca7x 1+ .X26x 2D~ .236X+ :

0
.0?3x lo~ .030xlc+

.3 .270 .147 .141
.U3 x 1A

:% ;$ :s $ij ;g

.0% x 11+ .lgl

ii g .X?

.ln ,234

.261
=sl .%l :?%

L.o3 .x .3 .W7 .59 .m9
L.21

.W2 .5U
.63b .km

:2
.3= 2..0%

L% .738 .& .4n
.974

Lo% 1.439 .&u
L74

:E
1.140 .703 .529 La? 1.763

L93 1.* i% .7@ .%= L&g 2.323 1.l_12
2.22

.R76’
l.m Us57 . .847 .* 1.767 2.s37

La .s29 .tw 2.M$ 1.W - 1.4*
;EJ ,.@ 3.X6

?.b9 1.CO.O .7% 2.819
?.65 l.cgk .736
LW l.lm .&3 w k:573
).03 1.256 b.@ 3.W 2.265
M2

,

1.=
S.b ;g ;ij !%
1.39

2.93-I

3.76 l.m 1.156 4.IXA1
l.% l-m , I.@
H.5 1.833 U289 4.g67
~.* 2.W Lb@
1.91 2.2!53 9.725
c.m 2.437
1.89 2.723
I.@

6.563

1.28 ;%
< -. ?

!.(

.

-———
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TA21XVI

umr-’ra9rrwAmmms’EmD D-!m2mmT2mcA cm22EcrIo2-cOntlmJd

TOrsiOn’31
mm, tvlst (rFdlm/in. ) fm qecimll .

Bnt
( idb)

6 11 u
(1) (:)

12
(:) (:)

K
(1) (2) (1) (2)

o 0 0 0 0 0 0
.04xld+

o 0

.07
.042x l.!+ .Wr7xl.d

—— –— .@
.3JJ

.l@
.033x M+ .’ao x lc-$ .I.&l x 1A .- x M@ .270

.52
.lD x l!+

Ei!

.Sxlo-+

.75 .243

.*
.34-0 –.332 .* :Z

1.18 Z& .510 .523 .556
.W .515

1.38
.739 .6s7 . .53k .52S

—— ____ ___
1.61 .%3 .693

.877

1.66
.ml .’m l.mk :F7

2.06 .830 ‘— –
—-——- 1.136

.8&J .9= .877
.Yfl

2.26
1.269 1.119

$% “m

.363
——

2.51
—-— —----—- -—--—- 1.3%

l.oti .W 1.=s
2.74

1.03B 1.%
—-— — ——-— — ——-—

2.91 l.l&J
1.617

l.llm
1.4W —.

L2a6 LI.37 1.@3
3.ls -–— ——-

1.474 L*
1.ea3

l.1.m
——— -——. —

3.39 3..340
1.6%4

l.wo LZ5 1.363 2.G55 1.eu2

;;/ 1.%6
2.2M

1.50 2.3’A

;$’ g ;EJ MfJ ;~

1..879 1.56Y

;:E
2.346 1.91.O

pg 2.470 2.7al
2.SI.7

2.219 3:991
2.050

3.I.91 2.7-10
2.735

6:47 b.cal
2.444 4.593

3.569
::%

;:Z 2.733
;.g

3.9m
5.223 2.59

M 2% 4.450
3.E!94
4.265

5.OW
;:& 6.336

3:477 . 2.7W
2.93X2

.!%
*.913

?%
7.107

5.56s “ 9.?26 :$
8.82 6.275 4.819

::%

9.2a 6.93)
4.419 3.2X

9.76
;..?& 3.WI

0.20 :%
3.m

0.67 9.373
5:157 3.5sa

1.13
l..% %3

6.191 4.39

2.0s
2.96

6..%7 4.863

3.88
7.39

.4.8b
8.q6

.%m
8.028

6.00
9.578

12.ov

u 1.3 14 14 16 ‘I.6 19
(2)

19
(1) (1) (2) (1) (3) (2) (3) (1) (2)

o 0
.m x lob ‘.ln x I& .~ x @ 0

0 0 0 0 0

.l!lo
–--— -—-— .102x d .180x lo~ .I.ea x lGJ$ .~ x 1o-$

.207 ,3k7
.W3

—— .% .248 .2&2
.293

.103

.670
.2& x ld

:% .*5
.* x ld .433

.376 .X6
.W. .@

.84o .m .X9 .517
.s92 .674 .517 :2

l,oa 1.03b .-m .6.U
——-— Lo&

:&4
.704

1.074
.*

1..2I.O l.e .s91
1.272

.704 .X1
.&?

1.W
.m

3.* 1.872 L5Q4
1.%9

.574
1..O33

1.645
.974

1.5&l 2.s42 2.002 :~
1.607

.63
L315 Lm

1.740 3.&l 4.534
U& 1.* 1.549 1.M2

1.93
2.U. 2.mo

1.Y27
l.m l.m

2.IS3J
2.065

2.25U :;; ;!!? : ‘g : !g ::% ;:%
2.4E. 1.549
2.6$)

I..IJJ. 4.276 2:96k
1.261

2.040
::%

;:8% 1.W
::%

3.029 2.o19
5.m

1.553 6.659 t% $$

x% 2.%3 i .033 b:r 54:L?
3.580 ——
3.7.$)

‘;.%:
2.697

5.s91

t??l
;:% b.624 . . 9.954.

IL644

. .. -—_. .— .——— -—-- -—. — ——.. ---- _______ . . . ... ...._._=_ .-a
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ls
(2),

0
.3.14x 1+

Mttm-lmt(radk)kmciml -
mraiczal

-
(in-lb) 17m

o
.3iyx l!+
.463
.6Y7
-’m
.W
L032
Lhs

m
l-m
L7U

17
[2)

B
(1)

12
(2)

o
.3X3X“d

m
(1)

m
(2)

o
.33x ld

%
.6X
.m
ma
1.CQ5
l.l?a
1.’239
1.369
L525
La

;g

2.8’9

#

5:*
6.563
6.5C4

15
(1)

0
.179x d

o
.lmxl!+

o
.63Xld

0
.e.gx l!+
.’LY1.93
1.032
l.z?l

3%
l-w
Lm
L890
2.um
2.*
2.532
am

%

.553.s2s

.578 -m l-w

L073L2W

L6S3 3-595

&
(2)

0

.729XUJ-$

L2z9

3.3
(2) (1?(3) (Q?(3)

am 21
(2) (1) (1)

o
J@xll+
.’m
L193
3..4%3
Lx.s
2.

: %

i%
4.933
Y.-m?

w
14a36

o 0
.&x M.+

0
.j-roxld

0
.637x 10-$

o
.s5-sx ld IM6xd

Q.0S7

2.ES3

ig
La
2.04
2.%

q

%36
5.59
6.79
7.32
7.*
8.B
9.16
11.l?
U.’n

L*

UC+
W.*
L2Jf3
LS.%3

a3
(1)

23
(2)

o

26’
(1)

26
(2)

27
(-2)

o
.l?sx 10-$

(17(3) (2;(3)

0
.*X+
:7J

:%’
.s32 .
LO?3 .
Lln
L*
L597
L67
2.o19
233
2.9X

;%

Xld o
.L13x l!+
‘.3-57

o
.3x M+
.52
.7Y
.93
lm
la
L61
1.e6
2.05
2.2
RN

;;

4.70
5J5
5.59
6.03
6A?

%R

g

;.%
am
0.41
o-m
lJ3
Vu
2.05

oJJ.gxld
.63.ex
L&
Lm
l-a

0
.8%5x ld

.346l.ub —
.s77 .%3 .5A

.673

3
1la

1.67
L&l
L?z?

:3
2.@l
2.634

yg

3.s6s

.765 .7W

.%5
lx?.?
l.?=
L573
L2U
Q.@
2.2g
2.359
2.6U
2.%3
3.@l

::%

t%

7.5s7 4.lW

4.035

5.%1

7.U%
4.532

5.@7 3.957
5SQ

6.ID4 .Hll

4.E&97.776

—
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!rABmVI

ummmmPIMAFoE2rImEmoPro Bm ‘almiwck wmmxmn—emtimwl

?Ordnml
Unittwint(i-dim/in.) fOr QOdmn -

Emnnt 25 & 29
(in-lb)

3 3,
(1) t) (1) (2) (1) (2) (17(3) (27(3)

o 0 0 0 0 0 0 0
.lw x lo4

0
.CElxl.d .1363x I&

.3M
.195x d Jgx lo-b

.29 .251. ——- —
.k& .47

.—. — :g .~
.670
.840

.9 :Z .S63X 104

.751
$j x lo~ .657x MA .707x d .%3 .531

——
l.@Y .939 ‘ :% :%

.7W .W
.939 .872 .2+

1.2M 1.X27 .7C9 L&So .814
.76+5

— —.
1.%!0 l.z?l .793

.*
1.174 .m

.W
G 1.156 l..m

l.sm 1.%
LOL9

1.361 1.C5!3 l.wl
l.~b

l.m
1.597 :% 1.%3 1.210 L* 1.4JS9 1.448

1.930 L8%
1.2&3

l.lob 1.6%1 1.342
2.12J

—— —— L591
2.6m 1.8Q

L373
1.87a l.%-? 2.o19 L765 l.m

2.2m 3.944
l.kgl

2.290
L653

5.071 . 2.159 1.696 —— ::%
2.47S

2.179
l.- 2.WJ 1.975 2.~3 ‘ 2.173 2.=

2.569
2.56a

—— ——
2.8P3

3.730 3.403
2.9M 2.ml 2.8.17

3.2UJ 3.s91 5,0S9
1% ;; ‘g

;%

::%
4.3J3

t%
3.%M
!+.m

9.sm 5.617 4.@
1.0C937

i%
9.245

4.702
2s?

4.850
11.269
13.42$

29 29 32 35
(1) ;)

3s
(2) m (1;(3) (2?(3) (1) (2)

o 0 0 0 0 0 0 0 0
.yl x lo4 .lM x ld .224x ld
.*

.22ax ld .225x ld .376X l!+ .bmxld .2S9x M+ .Zm x 10-$
.367 .*

.75 .5Q6 J@
.%5

.!W .434
.s56 —.

.* .646
.844

.6U5
.76) .4eQ .m

1.034 SW
1.18 .76s .-m. .@ .h L223 1.140
1.* .m

— .674
.833

.’m
1.407

l.a
1.374

1.05s ~.~ 1.077 .%5 1.596 l.a
1.W 1.175

.926 .Bs

2.06 1.323 l:m 1.163 2.GS7 1.857
E.26 1.%9

M +— iG--- 2.440 ‘—

La L.in

2.91 1.6% 2.b03 l.m
2.7k 1.?85 1.5@

1.444
—— ——

2,91 l.m 1.674 1.6ZJ 1.5.S4 2.912 2.’m l.m
3.U 2.W1 1.838

l.m

3.39 2.21.2 1.838 1.94s 1.813 3.m
3.62

3.W 2.ti7 I..gla
2.%9 2.193 ———

t: 2.7o1 ;:%
2.372 2.2@ 2.142 5.166 - 4.277 2.=6 2.I.21.

2.873 2.464 2.3S3
R

2.406 s.634 5.143
3.0Y3

2.638

2.E!J
2..%

2.391
——

4.70 3.L76 2.789 2.@9 6.659 6.ok2 2.&U
3. 33

2.594

;Z z
2.923

3. % 3.033 3.a?7 2.819
5.39

7.755 3.U 2.-(7I.
3.394 3.163

5.99 3.193 3.* 3.394 3.264 8.339
Z; 3.@9 3.411

3.457 2.7b0

4.lM.
6:z43

3.573
4.259

3.326

::8 :: ~“

3.795 3.2+33

6.h7 %3-Q
6.96

3.%S . 4.U.E
4.44s

3.5@

7.40 ;%
i%

b.n6
3.79

7.W
4.02$

.
8.33

5.I.93 4.279

:%
5.555 4.633

::2
5.= 4.s39

9.297 6.3o3
9,48

4.665

I.o.cm
7.030

Lo.bl m
10.90 8.~7
U.3
U.8?

9.297
I.o.col

K2.27 I.&m

~bgth-~titim.rm.e
%3gelm2tht9knniBxdddle0fsL’ecimn. --s$-’
%mutiomble data.

—— .. —... -— --—-—.—— - —-— .—.. — ———-——- --—-. .. .-
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TA2r8VI

mm-l’uIpciMTAmEmY17mD—mEamT2Kuxm12Hca -mlrtlmwl

TuE9fLQd
unittv-lst(mcll.dln.)for Spedmh -

3 * 39 B 41
(ill-lb)

4.. 43 @
(1) (2) (1) (2) (1)(3) (d (3) (1) (2)

o 0 0 0 0 0 0 0
.9 x Id

o
.249x l+ ‘.2@x I& ..207x ld .W9xld” .339x lo~ .bn x l!+ .4r5x l.+ ~k& x loJ
S%:% .436 :% .* .442

.557

.99
.Z93

.562
.5Q5 .F5m

1.IB .694 :Z .m .469 .s9
.* R

1.* .Eil’l .786
.777 3..031 L124

L=
La l.ces .745 .655

L!278
.~k Lou? 1.523

1.%
1.922

I.w 1:% 1.691
2.06

L716
cm 1.155 .953 .7?8 1.236 1.356

2.% ;:%
1.$?2W

1.533 1.403 .m l.m 1.547 2.300
2.91 1.s97 :% l.m L695 ~

~Rj :8 :g ;% ,.% H&

2:~3
L274 ;0% 3.163
1.436 2.272 2.5:

2.736
;.g

;%
2.6s7

5.*3
2.4d 1. k

R ~~
2.%X3 2.’i?l3 6.2’D

2.553 2..$03 3.=9
5.99

E% ‘7.*
...$1$ 2.673 ;:&f, 3.e96 8.545

2: M
9.569

.

6:k7
3.143 U.@

t%
13.6M

3.4U

%%
3.651 ::E 4:.459

:%

3.924 2.K4 4.3& :

kg
:E k.m

4.523 3.039 6.D4 5.y24

;:% 5.@J 3.34 :% 2E
9.76 8.170 ;CK&

lo.m 5.7’16 3.*3
10.67 “

9.-
lo.ml 9:W

11.13 6.~
t%

U.* 1o.503
12.05 7.51.3

44 44 4s 47 w
(1) (!2) (1) :) (1) (2) (1?(3) (27(3)

o 0 0 0 0 0 0
.3 x JJ+ .276x l!+ .246x Id .452x l.+ .%6 x l!+ .23 x l!+

.*
s

.m .*
.748

:~x~ ‘:& x ld ‘:$ x ld

.70.I 1.W 1.225 .69 .703 .729
1.Q — LZD 1.576 .914 :%
2.0’5 1.2% lJ67 1.939 2.o11 L178 . <% 1:2%
2.51 2.352 2.37a Lm Liga ‘ 1.505 l.km
e.gl 1.746 L= 2.&2a

;;$ 2.309 2.221
~~ :$. g ::% ~g ~;~

4.8% Z5U
2.s96 2.?Il 5.94.4 5:M9 2:9S 2.74JJ W&

:E 6.7o7 3.4% 2.%.0
5.59 3.6?3 3.2$7 7.0s3 ;% 3.663 3.505

4.039 :E
kg Ii176

:.@&
::&

$~ :: :: :.: ‘~ ;g ,* ;g ~g
12.203 3:575

3.9$5
7:90

6.u9 5.036
.

5:776 l&3
.

::Z
8.&2

7.933 6.w
6.IZ U61

9.03 - 1.2.C.S7
9.10 — — L2.86S ?%
9.28 7.044 5.69% 6.%?7 5J29
9.76 6.%9

8.2.S
5.475

Lo.= 6.775 5.7%
U.I.3 9.673 -W
12.m u..m ;%
E.* 10‘:% :Z

t%
+2~.~.

U.-@ B :5S5
16.25 22.lfe

—. —.— —. .—.
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0
.yJ x lot
.s0.-n
.97

1,19
1.4’0
1.62
1.84
2.06
2.26
2.50
2.%
3.37

M

!%
5.1P
%59
6.w
6.50
6.95
7.J+2

R

TABL2VI

mlT-TuIBrMcAmRalmTmKoD—!mBEauEr2EAcA@m2QmI!m-cmtimd

o
10-4 .421x

.535

.6-S

1:%
1.226
1.471
1.655
1.g3b
2.I.52
2.418
3.016
3.2k2

;~
7.759
8.WZ

25

unittviti (Indfm/in.) for apcimarl-
Toraioml
mccmnt
(in-lb)

52 52
(1) (2) (1?(3) (2?(3) (17{3) (2?(3)

o 0 0
.W x x M+
.534

.W5 x

.@
.@

.955
1.053

1.155
1.575

1.39+
1.583

1.3s1
1.610

l.m
1.631 2.140

1.840 1.823
2.123

2.k31
2.WQ 2.711

2,3S3 2.2S9
2.635

2.891

3.373
2.405 3.0S3

4.184
2.945 3.4$9
3.6s0 4.lJM

~ llili 4.Tw 5.149

8:309
s.810 6.2543

———
8.842 2.471. 6.710 7.S63

.:% 2.676 8J35 8.42s
3“97. _ 2.935 u.3ao lo.m

1.3.230 I.o.m
4.740 3.410

.—
%%JS 3.910

——
6.3& 4.439

.ble

.%7

:F4
1.141

I 36 136 I 45 I 45 I 54 I 5k
I (1) I (2) I (1) (3) I [2) (?) (i) (3) I (2) (3) (17(3) (2?(3~

o 10 10 10 10 0 0 n n

.099x104I .171.3x 10-+.05x lo+ I ‘.502 x 10-4-.475 x I.@l ‘.’x@ x 10+ ‘.1S3 x lo~l ‘. M!?x 10-d ‘.M13 x lo~

I——I.——--I 2.(3

7.20 l– l——l 3.173 12.

1.* I1:%2 I .4U 1.079 .&i .51.6 .* Xi” ‘- .-.. -.
.939 1.52.0 1.357 1.033

$;
.&54 1.145 :%

I 2.1733 I 1.75 I 2:6? i:g
1.576 L2&J 1.676 L.424

. l.m l.m 2.223 1.W

8.40
3.073 2.185 2.al!3

&!& ;.% j.8ti 3.324 4.@
2.323

9.50
2.n6 3.63I - 2.8W

4.8617
3.781 k..%l

U.lo 3:T.?5
3.in 4.28J+

)% 4.331 5.7Y5
3.259

L2.lo S.&I@ 4.37’5 4.808 6.693 W ;g
3.864

L3.29 6.6241 4.725 6:&6
4.3.Sl

5.348 7.478 4.E2.9 4.773
14.% I—— l– -1 7.* I;.ti I 8.Q$ I 5.M I L6G

..-

is:90 I 8.M9 I 9.625 I Gii
,6:2= ---- ----- 5.2%

-,.-.
9.@3 5.6x3 ;:”&

10.104 6.@9
S.m

18,2s I 9.2+337 I 6.487 I 9.765 17:= 1o.716 6.424 9.424 6.%8
<7.% l-— ,.——l 8.8X 16.65

lg.d.l
lab
!2.CEI

-.
-—— lil.io-r ti.i14

-.—
u.8n I ‘-” “-

10.7%2
H&l

— 12.821
rl.6436

%% 11.cae
13.147 ;845

7.693
-——— —

—- 8.913 19.26!) 8.8n
mm

12.93
9.4

8.934
16.@4

14.5523 10.26
9.93s

17.7043
le.%ls 12.516 17.629 . &04

. ..- ——. — —.— ——c ~ -—. — _ —— ———
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TABmvI

W.mT-l?wm!DATAFORm!IFFmmIJ-~ = EACA0012 2F?ZCIOE- Condudd

Unit +x&t (rad@in. ) for specimen -
Tm-slcml
mment
(in-lb)

40 40 @ 49
(1](3) (2)(3) (1)(3) (2)(3)

o 0 0 0 0
.310x 104 .33ax lo~. .3E0x l!++
.670 .6CU

.&5 x lo~ .325x lo~

.850
.719 .545 .603

-——
1.020 .847 -

.@3 .719
1.000 .856

——— —— --—
M%

:% 1.01.2
1.126 1.309 1.163

1.56)
1.lj2

l.%
1.740

1.269
1.%5 1.640

1.933
L529 - 1.400

————- 1.7’30
2.no Z785

1.549
1.$59 1.918

2.300
l.1%1

— 2.118
2.480

1.767
2.153 2.919 2.310

2.m
1.870

— 2.539
2.850

2.035
2.%li 2.570

3.033
2.835 2.148

2.765 2.911
3.220

3.040
3.CKA

2.273
3.2b2

3.390
3.263

3.3W
2.485

3.43$ ylg
3.640

3.200

$5
7 3.&1

~g 4.123 4:440
4.m

::%
4.440

lLlyJ “
4.m

.5:I.24 7.6% 4.470

t?%
5.6X
6.250

7.690 4.510

4.503
4.87o

4.702 7.o14
5.4W

4.WO .
6.280

7.SQ7
>.om 9.43&
5.220 10.236

(1)73).
56 %

(2)5?3) (1) (2)

o 0 o’ 0 0
.30x 104 .418x lo~ .fklyx lo~ .265x lo~ .219x 1OJ$
.52 .%7 .&7 -———
.75

—- -.

.9
.737 1.053 .W3 .40
.924 L575 ——-— —--——

1.18 1.141 1.593 -7’86
1.38 1.351

.741
1.823 -----— --— ---

1.61 l.al 2.140 1.IJI 1.0%9
1.86 1.823 2.431 —-——
2.06

--—-——-
2.052 2.7U 1.452 1.230

2.26 2.25s 2.891 -— —-— ———
2.51 . 2.485 3.093 1.m 1.450
2.91 2.945 3.459 2.042 1.6.54
3.39 3.650 2.506
3.&

2.013

4.28
$g 2.9%3

;Fo
2.X!6

3.3W 2.540
4.70 6.7M 7:563
5.3.5 8.13s

3.&3
8.@ 4.lg6

2.830

5.59 U.*
3.040

10.HI
6.05

4.672 3.330
13.230 10.975

6.47
3.170 3.630

6.96
:&7 3.@o “

4.l&l
7.40’

.

8.33
4.w

9.28
?% 5.m
8.663

lo.fm
5.700

10.869 8.45w
IJ..13 1.2.310
12.05

9.730
14.X27 ~. ~

X2.98 ZL903

%&g-elungthtakanasemtlrelengthOfwlmm.

%2elew’thtakeninmiddle of 13peck.
B%”--

3@eetior@ble data.

.
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r

3

~B&om loadingplate,
0.25-in.24S-T3 &zzYGJh

5

m’
Back@
plate,

+

0.072h ~

SectionB-B

Stringer
numbers

\
NACA0012 — ~ ++ ++

L!=!=!zi=j
7II ‘ w I

SectionA-A-=X9=

Fit?urel.- Detailsofspecimen48;dimensionsgivenininches.Other
similarexceptfor.n~br ofribsandstringers.Dimensionsvary
specimen;seetableI.

specimens
with

. —.-...-—- ——.— ——— .——. — —.. — . . . ..——— ——.—.
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Figure 2.- Typical stress-strah curves for alclad2LS-T3aluminum-alloyskinmaterial.
-.N

\
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Figure 3.- Speclmen In place in apparatus used to load .4pecimen in torsion. 1, top loading plate; 2, httom
loadtig plate; 3, hand pump for operating pistom; 4, steel angles to which specimen was tnlted;
5, hydraulic pistons by which load WSEapplied; 6, dial gages; 7, vertical columns; 8, rectmgular
&ames used with 6 and 7 to obtain twist data; 9, strain lmxes, type K,
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I

103

102

Figure4.- Curveof averageultimatetorsionalstrengthofD-tubeswith
NACA 0012sectionandclosingwebat30-percentstationplottedfrom
equation(1).Specimensmadeofalclad24S-T3aluminumalloy;
E= 10.2x 106psi,~ = 0.33. ‘

,6

..——-.. —.. -——-.—- ———- _—— ---——— .————--—-- - — -
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102

10

1

4

2

B

mcA m 2362

8

6

%+

00
X3
❑ 5
A7

8

a

i

4“

2

8

6

4

a

a 4 6

10

Figure5.-
section
24S-T3

I t

4 6

I I t

a 4 68.

UltimatetorsionalstrengthofstiftenedD-tubeswithNACA 0012
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closhg web at Xl-percent statlom SLRcimens made of alclad 243-T3 aluminum alloy; E -= 10.2 x 106psi,
p 50.33, t = 0.049 inch, a = 18 inches, L .8 inches.

i
.4

I

I
,

1

I

i!



I

1“

I

I

I

/

6 X 104

mition for

Hnlane 2, ‘ /- — VisueJly observed

IUb A’ DIG}

~ gad’ ,~ “

hlcklhg pint
5

qwcdmen 4-10

. A@e Of

4
/ - Spmimen diagonal

0 tem?ion,

~ ~ (&g)

.9 E@cimen 6 2 65

/

r ~

s- mm
~“3 4-1 62 Gage on troth

0 .91Liqa of akin
5
~

4-10 62 S@+%E@m
6 64 -W

Ill bi’llldllllll l-l
2 “

/

/

- ViswdlyOtearvd ~-

/ 0
2 tmkllng @Irt

1 /

pvlsually Oteawed ‘
bu%hg @llt

n
“~o.lm’+ - -Teneion unitebln, h-/ire

Elguxe 15. - SMn unit strdn in direction of wrinkle of D-tubs with NACA 0012 section and closhg web at
X3-percent station. Spaclmens made of alclad 34S-T3 aluminum alloy; E M 10.2 ~ 106 psi, v = 0.33,
a = 18 inches, no stringers. Specimen’4-l denotes specimen 4 with skin Panel on which gage 1 w%
located bdsling first; s~cimen 4-10 denotes specimen 4 with skin panel on which gage 10 was
located buckling first.

!a
R
P

I -,



w

-Eia’Rmeuelyige

10 , ,/ I location -
one gage on

8
eacheideof

RlbE
web

7
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Figure 17. - Stringer unit strain of stiffened D-tubes with NACA 0312 eection and closing web at W-percent
statiom Skin made of s.lclad 24S-T3 aluminum sUoy; 1- by 7/8- by 0.078-inch bulb-angle stringers
made of 24S-T4 aluminum alloy; stringers coniinuoue through ribs; E = 10.2 x 106 psi, v - 0.33,
t = 0,07’1 inch.


